Objective: Neopterin is generated and released in increased amounts by macrophages upon activation by interferon-g during Th1-type immune response. The potential usefulness of neopterin in early prognostic information of dengue virus infection was investigated. Methods: Neopterin concentrations were determined in serum samples from 110 dengue fever (DF) patients. The neopterin levels were compared with those in 50 measles and 40 influenza patients; 155 healthy blood donors served as controls. Results: In acute sera of DF patients mean neopterin concentration was 48.2 nmol/ L, which was higher than that in patients with measles (mean: 36.3 nmol/L) and influenza (18.8 nmol/L) and in healthy controls (6.7 nmol/L; P < 0.001). In the * Corresponding authors. Tel.: þ852 2855 4383; fax: þ852 2855 1241.
patients with confirmed DF, an early neopterin elevation was detected already at the first day after the onset of symptoms and rose to a maximum level of 54.3 nmol/L 4 days after the onset. Higher increase of neopterin level in DF patients was associated with longer duration of fever and thus predicted the clinical course of the disease. Conclusions: Neopterin concentrations were found significantly higher in DF patients compared with healthy controls and also with other viral infections (P < 0.001) and may allow early assessment of the severity of DF. ª 2005 The British Infection Society. Published by Elsevier Ltd. All rights reserved.
Introduction
Dengue is an acute febrile disease resulting from an infection by dengue virus, a group of four antigenically related flaviviruses designated serotypes 1 through 4. Transmission involves ingestion of viremic blood by mosquitoes and subsequent passage to a susceptible human host, the principal vector being Aedes aegypti. 1 Dengue virus infections can manifest as dengue fever (DF), an uncomplicated febrile illness, or dengue hemorrhagic fever/dengue shock syndrome (DHF/DSS), the severe form. 2e5 Considerable evidence suggests an abnormal immune response and a disturbance in immune regulation as the basis of the pathogenesis. 6, 7 Macrophage is an important target of dengue virus infection, 2, 8 which is known to produce various cytokines upon stimulation. 9, 10 In dengue virus infection, cytokines may be released either directly from virus-infected cells such as monocytes/ macrophages or upon interactions of virus-infected cells with other immunocompetent cells such as activated T lymphocytes. 9, 10 During immune response, e.g. triggered by a viral infection, 6-D-erythro-neopterin (molecular weight 253.2 Da) is generated and released in increased amounts by human macrophages upon activation by Th1-type cytokine interferon-g. Accordingly, determination of neopterin concentrations in body fluids is useful for the monitoring of cellular (¼Th1-type) immune activation in various diseases such as infections, autoimmune diseases, malignant disorders, and to early detect allograft rejection episodes. 11e19 In particular, increased neopterin concentrations in blood or urine are an early and sensitive indicator for the presence of a broad panel of viral infectious diseases including human immunodeficiency virus type 1 (HIV-1), 11, 20 and the degree of neopterin elevation, e.g. in patients with HIV-1 infection, is of predictive value. 11, 20 During acute infections with HIV-1, cytomegalovirus or rubella, increased neopterin concentrations were observed before specific antibodies became detectable. 15,21e23 However, increased neopterin concentrations are not specific for virus infections.
The neopterin level in early stage of DF patients may be a sensitive indicator for estimation of the severity of the diseases. To date there is only one small study on the importance of neopterin in dengue-infected patients available in the scientific literature. 24 It shows a correlation between severity of illness and neopterin levels, i.e., highest levels in DHF/DSS. However, the sample size was too small to draw a persuasive conclusion. In the present study, we detected concentration of neopterin in 174 serum samples collected from 110 DF patients confirmed by serology and/or virology and 155 sera from healthy blood donors. Samples were also tested on patients with confirmed influenza virus infection and measles virus infection, two of the most common diseases with fever and similar early symptoms, as other viral infectious disease controls.
Materials and methods

Study subjects and sample collection
We studied 110 DF patients who were admitted to 18 hospitals in Guangzhou from August 15 to November 2, 2002 with contact history (living around the known DF patients, 66.4%), travel history (33.6%) and high fever (!38.5 C) for at least 2 days. All these 110 DF patients showed elevated IgM antibodies without detectable IgG antibodies against a dengue virus according to the WHO criteria. 25 Diagnosis of DF in 66 patients was also confirmed by virological tests of the virus isolation and/or PCR. All these DF patients were identified to be infected with serotype I dengue virus by serological and/or virological tests. The clinical information of these DF patients is summarized in Table 1 .
Paired sera were taken from each of 64 DF patients and single sera were taken from 46 DF patients. A total of 174 serum samples from 110 DF patients were collected for antibody and neopterin detections in this study. One-hundred and fifty acute sera were collected within 9 days (4.4 AE 2.0 days, mean AE SD) after the onset of the disease. Serum samples were also collected from 50 measles patients (16 male and 34 female) with an average age of 9.1 AE 9.9 years (mean AE SD, range: 1e35 years) and 40 influenza patients (22 male and 18 female) with an average age of 34.5 AE 28.4 years (mean AE SD, range: 2e 84 years), who were confirmed according to China Health Ministry Standards by clinical laboratories of the hospitals, as other viral infectious disease controls. The 50 measles samples were collected within 7 days (3.7 AE 1.5 days, mean AE SD) after the onset of the disease. The 40 influenza samples were also collected within 7 days (3.9 AE 2.0 days, mean AE SD) after the onset of the disease. Serum samples of non-infectious controls were obtained from 155 healthy adults (75 male and 80 female) with an average age of 35.2 AE 12.5 years (mean AE SD, range: 18e 57 years) by blood banks of Red Cross in Hong Kong (109 sera) and Guangzhou (46 sera) as control. All serum samples were stored at ÿ20 C until used. For all patients with informed consent, parts of their blood specimens obtained during routine procedures were anonymously referred to additional analyses within this study.
Isolation and identification of dengue virus
The presence of dengue virus was detected by isolation of the virus from the samples and/or viral RNA by RTePCR. The virus was isolated in C6/36 cells (a generous gift of Institute for Viral Disease Control and Prevention, China CDC). The serotypes of isolated virus were further identified by immune fluorescence assay (IFA) using specific IeIV monoclonal antibodies (Chemicon Co. Ltd, USA). The viral RNA was also tested by RTePCR directly from the specimens. Briefly, the viral RNA was extracted from the samples using RNeasy Mini Kit (Qiagen, Chatsworth, CA, USA). The first-strand cDNA was synthesized using RNA Hþ Reverse Transcriptase (Life Technologies Inc., MD, USA) and random primers. Subsequently, PCR was carried out using PCR kit (Invitrogen Corp., CA, USA) and a pair of primers to determine the presence of the virus. Serotypes of the virus in positive samples were further identified using a series of primers.
Detection of dengue virus specific antibodies
Dengue virus specific antibodies IgM and IgG were tested by Dengue blot kits (Genelabs Co. Ltd, Singapore) and ELISA kits (IBL Co. Ltd, Germany) according to the instructions of the companies and methods described previously. 26, 27 Neopterin assay Serum neopterin was determined using a commercially available ELISA (ELItest â Neopterin-Screening, BRAHMS Diagnostica, Berlin, Germany) according to the manufacturer's instructions, having a sensitivity of 2 nmol/L neopterin. The reference level for healthy controls was set at 10 nmol/L. 28 
Statistical analysis
Results are presented as mean AE SD. The plot of neopterin concentrations versus time after admission is presented as means AE SEM. The Manne Whitney test was used to assess statistically significant differences. Correlation analyses were performed calculating Spearman rank correlation coefficients. The level of significance was set at P < 0.05.
Results
Neopterin level raised at early stage of DF patients Serum neopterin concentrations raised in DF patients as early as on the first day of the onset of symptoms (>10 nmol/L), reaching a mean concentration of 48.2 AE 14.1 nmol/L (mean AE SD, range 9.9e83.0 nmol/L) in 150 acute sera (Fig. 1) . The mean neopterin concentration of healthy blood donors was 6.7 AE 2.0 nmol/L (mean AE SD, range 2.8 to 14.5 nmol/L). Thus, the mean neopterin concentration in DF patients exceeded that of the controls by 7.19 fold (P < 0.001). The mean concentration of neopterin in DF patients was slightly higher than that in patients with acute measles infection (36.3 AE 11.5 nmol/L) and nearly threefold higher than that in 40 acute influenza sera (18.8 AE 11.9 nmol/L). The difference between the groups is statistically significant (P < 0.05, Manne Whitney test).
Release kinetics of neopterin
As shown in Fig. 2 , the neopterin concentration was elevated on day 1 of the onset (44.4 AE 2.3 nmol/L, mean AE SEM) and reached the peak value of 54.3 AE 3.0 nmol/L on day 4. The serum neopterin concentrations remained at high levels (30 nmol/L) up to day 8 of the onset, but returned to normal level (<10 nmol/L) after 14 days of onset.
Higher neopterin level associated with longer fever period
To analyze the clinical significance of increased neopterin in early stage of DF patients, we compared the patients' neopterin level on different days (1e 8 days) after the onset and their fever period. Higher neopterin concentrations in patients were associated with longer duration of fever, and neopterin concentrations determined within the first two days predicted the length of fever episodes developing thereafter (Fig. 3) . The patients with longer fever period also appeared to have severer course of the disease, including higher fever and longer hospitalized period ( Table 2) .
Discussion
The present study shows increase of serum neopterin concentrations in DF patients as early as the first day after the onset of symptoms, and there is also a significant difference in neopterin concentrations between acute DF sera and 155 healthy blood donors. Neopterin concentrations were found to be higher in acute DF sera compared with those in acute measles sera and acute influenza sera. Dengue virus primarily infects human monocytes and macrophages regardless of the stage of cell differentiation. After dengue virus infection, the monocytes and macrophages secreted multiple innate cytokines and chemokines. 29 The kinetics of neopterin concentrations based on the 110 DF patients indicates that an early neopterin elevation can be detected as early as 1 day after the onset of symptoms and quickly reaches its peak level 4 days after the onset. The neopterin concentration maintained at high level up to 8 days after the onset, and there were no false negative results within this period. The data confirm and extend results of an earlier pilot study in patients with Dengue virus infection. 24 The observation also fits well to data obtained from other virus infections such as HIV, 21,23 rubella 22 or also Ebola 30 and it agrees with results from, e.g., the experimental infection of rhesus macaques with simian immunodeficiency virus (SIV). 31 Data available primarily from studies with HIV-1 infection 20, 32 imply that a predictive value of neopterin concentrations might exist also in patients with DF, those with lower neopterin concentrations being more likely to recover than others. Notably, behavior of neopterin concentrations in acute DF patients is similar to severe acute respiratory syndrome (SARS), cytomegalovirus (CMV) or rubella infection, 15, 22, 33 but differs considerably from patients with HIV-1 or animals with SIV infection 21, 23, 31 : like in DF patients, SARS, acute CMV and rubella infection causes a sharp increase of neopterin concentrations which is followed by seroconversion and a drop of neopterin concentrations into the range of healthy controls.
Higher neopterin concentration in DF patients was associated with longer fever period and thus reflected severer inflammation occurred in these patients. This shows that neopterin can be an early reference indicator of the severity of DF. Using neopterin to quantify the severity of the inflammation in DF patients, patients can receive proper medical treatment at an early stage, thus producing a good recovery rate, contributing considerable economic gains for both patients and hospitals.
Serum neopterin exhibits age-dependence but not sex-dependence. Neopterin concentrations in healthy controls aged <19 years and between 19 and 75 years are 6.8 AE 3.6 nmol/L (95th percentile: 13.5%) and 5.3 AE 2.7 nmol/L (8.7%). 12 In the present study, the neopterin concentrations in healthy controls aged between 2 and 75 years (mean AE S.D.: 6.7 AE 2.0 nmol/L) were comparable to data from the literature (5.3 AE 2.7 nmol/L), 12 albeit slightly higher.
In patients with chronic renal failure the concentration of neopterin in serum is very likely to be high and elevates over a longer period of time. 34 a The 110 DF patients were separated into two groups based on their serum neopterin levels: Higher (group 1) or lower (group 2) than the mean value of neopterin tested in the blood samples collected on the same day after the onset of the disease in this study cohort. b P < 0.001.
Thus, caution must be taken when using neopterin for screening of DF in case of renal insufficiency. To date, there is no commercially available biomarker test approved for use as an aid in the assessment and diagnosis of DF. There have been various reports in the scientific literature describing the ability of various biomarkers to predict or identify DF, with varied success. 24,35e38 A biomarker panel approach can enhances diagnostic accuracy, particularly when the panel includes protein markers associated with various components of the disease pathophysiology. The application of new biomarkers in studies on dengue diagnosis and pathogenesis represents a significant challenge for the future.
Further studies are required to validate and refine the optimal serum neopterin cut-off values for prognosis, and future work should address relationships with neopterin levels among patients with DF and DHF/DSS, effects of treatment and morbidity outcomes.
Technological advances may further enhance the usefulness of neopterin measurement in acute infection. At present the use of neopterin ELISA allows the results to be available at least 2 h after sampling.
Conclusion
This study reports neopterin as an early marker for assessment of the severity of DF and elevated neopterin level can be detected as early as the first day after the onset of symptoms. Data suggest that neopterin measurement could serve as an early predictor of future course of dengue virus infection.
